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1ABSTRACT
The im p u r i ty  d i f f u s i o n  c o e f f i c i e n t  o f  germanium i n  s i n g l e  
c r y s t a l  coppe r  has  been  m easu red  a t  f o u r t e e n  t e m p e r a tu r e s  i n  t h e  r a n g e
Q  O
652-1014  C. The d i s t r i b t u i o n  o f  th e  r a d i o a c t i v e  Ge th ro u g h  th e  
c o p p e r  c r y s t a l s  was m a in ly  d e te rm in e d  by t h e  s u r f a c e  d e c r e a s e  method 
w i t h  t h e  s e c t i o n i n g  t e c h n i q u e  u sed  a s  a check  on s e v e r a l  s a m p le s .
The r e s u l t s  show t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t s  can be d e s c r i b e d  by 
t h e  e q u a t io n
Ge—Cu
n „ ß+ 0 .099  
° - 238- 0 .0 7 0  6XP
43 700 ± 7 7 9  2,--------- — --------- cm /  s ec
w here  R i s  t h e  gas c o n s t a n t  i n  c a l /m o le  and T i s  t h e  a b s o l u t e  
t e m p e r a t u r e .
The d i f f e r e n c e  be tw een  t h e  a c t i v a t i o n  e n e rg y  f o r  germanium 
d i f f u s i o n  and s e l f - d i f f u s i o n  i n  c o p p e r  i s  i n  good ag reem en t  w i t h  t h e
t h e o r i e s  o f  L a z a ru s  and Le C l a i r e
2 .
C h a p t e r  1 
INTRODUCTION
A l a r g e  amo un t  o f  e x p e r i m e n t a l  d a t a  h a s  a c c u m u l a t e d  c o n c e r n i n g
t h e  d i f f u s i o n  o f  i m p u r i t i e s  i n  m e t a l s .  S e v e r a l  t h e o r i e s  h a v e  b e e n
1 2 3p r o p o s e d  t o  e x p l a i n  t h e  e x p e r i m e n t a l  r e s u l t s  ’ ’ , t h e  m o s t  s u c c e s s f u l
1 2
o f  w h i c h  h a s  b e e n  t h e  L a z a r u s  and t h e  Le C l a i r e  t h e o r y  w h i c h  a p p l i e s  
p a r t i c u l a r l y  t o  i m p u r i t y  d i f f u s i o n  i n  t h e  n o b l e  m e t a l s ,  c o p p e r ,  s i l v e r  
an d  g o l d .  The b e s t  a g r e e m e n t  w i t h  t h e  t h e o r y  i s  f o r  t h e  d i f f u s i n g  
e l e m e n t s  w h i c h  l i e  i n  t h e  same row an d  t o  t h e  r i g h t  s i d e  o f  t h e  s o l v e n t  
m e t a l  i n  t h e  p e r i o d i c  t a b l e .  I n  t h e  c a s e  o f  c o p p e r ,  v a l u e s  o f  t h e
4 5
i m p u r i t y  d i f f u s i o n  c o e f f i c i e n t s  f o r  Zn, Ga an d  As h a v e  b e e n  p u b l i s h e d  ’ 
b u t  no d a t a  e x i s t s  f o r  ge rman ium.  I n  t h i s  w ork  german ium  was d i f f u s e d  
i n  c o p p e r  t o  c o m p l e t e  t h e  r e s u l t s  an d  t o  o f f e r  a n o t h e r  c h e c k  on  t h e  
Le C l a i r e  t h e o r y .
I n  r e c e n t  y e a r s ,  t h e  a v a i l a b i l i t y  o f  h i g h  p u r i t y  h i g h  s p e c i f i c  
a c t i v i t y  r a d i o i s o t o p e s  h a s  g r e a t l y  a i d e d  t h e  s t u d y  o f  b o t h  s e l f ­
d i f f u s i o n  and i m p u r i t y  d i f f u s i o n  i n  m e t a l s .  The u s e  o f  h i g h  q u a l i t y  
d e t e c t i o n  e q u i p m e n t  a l o n g  w i t h  t h e  r a d i o i s o t o p e s  a l l o w s  g r e a t e r  s e n s i ­
t i v i t y  and  a c c u r a c y  i n  t h e  m e a s u r e m e n t  o f  d i f f u s i o n  c o e f f i c i e n t s .
S i n c e  o n l y  a  t h i n  l a y e r  o f  r a d i o a c t i v e  m a t e r i a l  n e e d  b e  p l a c e d  o n  t h e  
s u r f a c e  o f  t h e  s o l v e n t  m e t a l ,  t h e  l a r g e  c o n c e n t r a t i o n  g r a d i e n t s  t h r o u g h  
t h e  s o l v e n t  a r e  e l i m i n a t e d .  The s m a l l  c o n c e n t r a t i o n  o f  s o l u t e  a t om s  
a l l o w s  t h e  i n t e r a c t i o n s  b e t w e e n  t h e  s o l u t e  a t om s  t h e m s e l v e s  t o  be
3 .
n e g l e c t e d .  These  d i f f u s i o n  s t u d i e s  y i e l d  more a c c u r a t e  r e s u l t s  t h a n  
t h e  e a r l i e r  methods i n v o l v i n g  c h e m ic a l  a n a l y s i s  and a r e  t h u s  c o n t r i b u t ­
i n g  to  a g r e a t e r  u n d e r s t a n d i n g  o f  t h e  p r o c e s s  o f  d i f f u s i o n .
I t  i s  found e x p e r i m e n t a l l y  t h a t  t h e  a c t i v a t i o n  energy  f o r  
i m p u r i t y  a toms d i f f u s i n g  i n t o  m onova len t  m e t a l s  i s  c o n s i d e r a b l y  d i f f e r ­
e n t  f rom t h e  a c t i v a t i o n  e n e rg y  f o r  s e l f - d i f f u s i o n .  These  r e s u l t s  a r e  
e x p l a i n e d  by t h r e e  t y p e s  o f  e f f e c t s :  t h e  e f f e c t s  a r i s i n g  from t h e
v a l e n c e  o f  i m p u r i t y  a tom s ,  t h e  e f f e c t s  a r i s i n g  from t h e  d i f f e r e n c e  i n  
s i z e  be tw een  t h e  i m p u r i t y  and s o l v e n t  a toms and t h e  e f f e c t s  a r i s i n g  
from t h e  c o r r e l a t i o n  be tw een  t h e  m o t io n s  o f  i m p u r i t y  and s o l v e n t  a tom s .
The d i f f u s i o n  o f  t r a c e r  i m p u r i t i e s  i n t o  n o b l e  m e t a l s  i s  found 
e x p e r i m e n t a l l y  t o  f o l l o w  t h e  A r r h e n i u s  r e l a t i o n
D2 = A2 exp(-Q2/RT) (1)
where  t h e  s u b s c r i p t  2 r e f e r s  t o  t h e  p r o p e r t y  o f  i m p u r i t y  d i f f u s i o n ,
D2 i s  t h e  d i f f u s i o n  c o e f f i c i e n t ,  A^ i s  t h e  f r e q u e n c y  f a c t o r  and Q2 i s  
t h e  a c t i v a t i o n  e n e r g y ,  R i s  t h e  gas  c o n s t a n t  i n  c a l / m o l e  d e g . , and T 
i s  t h e  a b s o l u t e  t e m p e r a t u r e .  The i m p u r i t y  d i f f u s i o n  c o e f f i c i e n t  
d i f f e r s  f rom t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  which i s  g i v e n  by t h e  
r e l a t i o n
Dq = Aq exp ( -Q0/RT) (2)
where  t h e  s u b s c r i p t  0 r e f e r s  t o  t h e  p r o p e r t y  o f  s e l f - d i f f u s i o n .  The 
d i f f e r e n c e  be tw een  D2 and i s  r e l a t e d  t o  changes  i n  b o th  t h e  A ' s  
and t h e  Q ' s .  The same f a c t o r s  which i n f l u e n c e  A a n d  Q2 a l s o  i n f l u e n c e
4.
Aq and Qq . Lazarus and Le Claire have determined a difference in 
activation energies
AQ (3)
and use this quantity to compare the theoretical difference AQ and
the experimental difference AQg Experimental observations show
that impurities diffuse in a solvent at a different rate than the self-
diffusion of the solvent and, in particular, the diffusion rate for
impurities which lie to the right of the solvent in the periodic table
is larger than the self-diffusion rate. Lazarus^ suggests this result
is due to an electrostatic interaction between the vacancies in the
2solvent and the impurity atoms of the solute. Later Le Claire
improved the Lazarus theory by incorporating into it a correlation
correction factor and also a more exact solution to the Thomas-Fermi
3equation. Swalin has suggested a theory which showed a relation 
between the activation energy for impurity diffusion and the relative 
sizes of the solute and solvent atoms. However, experiments show that 
the diffusion of impurities into the noble metals is in better agree­
ment with the Lazarus-Le Claire theory than with that of Swalin.
4 5 6 7 8 , 9Much of the previous work with copper * 9 > 9 * has employed 
the sectioning technique for the determination of the diffusion coeffic­
ients. The basic technique used in this work was the surface decrease 
method.^ Linnenbom, Tetenbaum and Cheek^ were quite successful in 
using this method to measure the diffusion coefficients for iron 
diffusing in copper. A precision lathe was acquired near the completion 
of the work and several specimens were sectioned to check the results
of the surface decrease method.
5 .
C h a p te r  2 
THEORY
2 .1  D i f f u s i o n  E q u a t io n s
D i f f u s i o n  i n  m e t a l s  i s  d e s c r i b e d  by t h e  e x p r e s s i o n
J  = -Dcic/c)x (4)
where  d c / d x  i s  t h e  change  i n  c o n c e n t r a t i o n  o f  s o l u t e  w i t h  p e n e t r a t i o n  
d i s t a n c e  x o f  t h e  s o l u t e  i n t o  t h e  s o l v e n t ,  J  i s  t h e  f l u x  o f  m a t e r i a l  
a c r o s s  a u n i t  a r e a  p e r  u n i t  t im e ,  and D i s  a p r o p o r t i o n a l i t y  c o n s t a n t  
which, i s  c a l l e d  t h e  d i f f u s i o n  c o e f f i c i e n t .  The minus s i g n  a p p e a r s  
b e c a u s e  t h e  c o n c e n t r a t i o n  o f  s o l u t e  i s  g r e a t e s t  a t  t h e  s u r f a c e  o f  t h e  
sample  and  d e c r e a s e s  a s  t h e  p e n e t r a t i o n  d i s t a n c e  i n c r e a s e s .  Th is  
e q u a t i o n  i s  c a l l e d  F i c k ' s  f i r s t  law.
By u s i n g  a c o n t i n u i t y  e q u a t i o n
V . J  = - ( d c / d t )  (5)
e q u a t i o n  (4)  can  be e a s i l y  t r a n s f o r m e d  t o  a more s o l v a b l e  form known 
a s  F i c k ' s  second law,
( d c / d t )  = V.DVc . (6)
I f  D i s  i n d e p e n d e n t  o f  p e n e t r a t i o n  d i s t a n c e ,  t h a t  i s ,  t h e  c o n c e n t r a t i o n  
g r a d i e n t s  i n  t h e  s o l v e n t  a r e  v e r y  s m a l l ,  e q u a t i o n  (6)  can  be r e w r i t t e n  as
( d c / d t )  = W 2 c . (7)
I t  i s  t h e  u s u a l  p r o c e d u r e  t o  p l a c e  t h e  s o l u t e  on t h e  s u r f a c e  o f  t h e  
sample  and l e t  i t  d i f f u s e  i n  t h e  x » d i r e c t i o n  t h r o u g h  t h e  sample .  T h i s
6.
simplification allows equation (7) to be rewritten as
(öc/öt) = D(c^c/clx^) (8)
For this work a thin layer of tracer solute, less than 0.1 
micron thickness, was plated on the surface of a relatively thick 
sample, that is, thickness much greater than the penetration depth of 
the tracer. Thus the diffusion could be considered to take place from 
an infinitely thin film into a semi-infinite medium, and a solution of 
equation (8) under these conditions is
C 7 =  exp( - 4Dt)A D t
(9)
where is the initial concentration of the solute, t is the annealing 
time of the sample and C is the concentration of the solute at the 
penetration distance x.
2.2 Surface Decrease Method
The surface decrease method of determining diffusion coefficients 
requires measurement of the tracer radiation emitted from the plated 
surface of the solvent sample before and after the diffusion anneal. The 
activity measured after the anneal is reduced due to absorption of the 
radiation by the solvent material through which the tracer has diffused.
If the radiation absorption is described by an exponential equation of 
the form I = 1^ exp(-px) (I is the intensity of the radiation after 
passing through material of thickness x, 1^ is the initial intensity
7 .
o f  t h e  r a d i a t i o n  and p i s  t h e  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t ) , t h e n  
t h e  r a t i o  o f  t h e  two a c t i v i t i e s  may be s im p ly  r e l a t e d  to  t h e  d i f f u s i o n  
c o e f f i c i e n t .
C o n s i d e r  a s m a l l  s e c t i o n  o f  t h e  sample be tw een  x and x+dx.  
Assuming t h a t  t h e  r a d i a t i o n  from t h e  t r a c e r  i s  e x p o n e n t i a l l y  a b s o r b e d ,  
t h e  c o n t r i b u t i o n  t o  t h e  t o t a l  a c t i v i t y  f rom t h i s  s m a l l  s e c t i o n  i s
KC0 x 2
dB =? “ m i  ( exp -  -----  exp -  px) dx (10)
/ro t 4Dt
w here  K i s  a c o n s t a n t  which  depends  on t h e  c o u n t i n g  e f f i c i e n c y .  The 
t o t a l  a c t i v i t y  B o v e r  t h e  whole  sample  may be found  by i n t e g r a t i n g  
e q u a t i o n  ( 10) t o  g i v e
Kco r “ x2B = — ^  / exp -  exp -  px dx . (11)
o
By c h a n g in g  t h e  v a r i a b l e  t o
% = - 7 =  + l / D t  ( 12)
3/Dt
e q u a t i o n  ( 11) becomes
B = KCQe x p (p 2D t ) [ 1 - e r f  q / Ö t ]  . (13)
B e f o re  t h e  sample  i s  a n n e a l e d  t h e  a c t i v i t y  i s  j u s t  B^ = KC^ . 
T a k ing  a r a t i o  o f  t h e  a c t i v i t y  a f t e r  a n n e a l i n g  t o  t h e  a c t i v i t y  b e f o r e  
a n n e a l i n g  g i v e s  t h e  r e s u l t
( B/Bq) = exp(|a2 Dt) [ l - e r f ^ / D t ]  . (14)
A g e n e r a l  g r ap h  i s  made by p l o t t i n g  c a l c u l a t e d  v a l u e s  o f  B/Bq f o r
8.
various assumed values of p Dt as shown in figure 1. For the
2experimentally determined ratio B/Bq , the corresponding p Dt can be 
read off the graph. Knowing p and t, D may be calculated.
This method is applicable to measuring small diffusion
*^9 «12 2coefficients in the range 10 to 10 cm /sec, if the radiation is 
strongly absorbed by the solvent. If the radiation is weakly absorbed, 
e.g., strong gammas, then the method is of no use. The largest experi­
mental problem is to measure the absorption coefficient accurately.
2.3 Lazarus-Le Claire Model for Impurity Diffusion
There are several possible mechanisms by which a solute 
atom may diffuse into a solvent lattice. These mechanisms are the 
vacancy mechanism, the interstitial mechanism and the exchange mechanism. 
The vacancy and interstitial mechanisms have been found experimentally 
to play important roles for diffusion in metals and alloys, while the 
exchange mechanism has not yet been found experimentally. There is 
strong evidence to support the argument that a solute atom diffuses in 
a face-centered cubic lattice metal by the vacancy mechanism, and 
Lazarus assumes this mechanism in his model of impurity diffusion.
It is desired to obtain expressions for and Qq (equation 2) 
since this will give a better understanding of the diffusion process. 
Since atoms diffuse through a metal lattice by jumping in all directions 




















t h e  r a t e  o f  jumping and t h e  d i s t a n c e  t r a v e l l e d  by t h e  d i f f u s i n g  a tom s .
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The d e r i v a t i o n  o f  t h e  e x p r e s s i o n  f o r  g i v e n  by Zener  and Le C l a i r e  
b e g i n s  w i t h  t h e  fu n d am e n ta l  e q u a t i o n  f o r  t h e  t h r e e - d i m e n s i o n a l  random 
w a lk  p rob lem
D = (•£) 2 r.sü .2 (is)
w here  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t ,  T. i s  t h e  r a t e  a t  which  t h el
d i f f u s i n g  atom makes a jump o f  t y p e  i  and i s  t h e  c o r r e s p o n d i n g
jump d i s t a n c e .  I n  f . c . c .  l a t t i c e  m e t a l s  a l l  t h e  T jump r a t e s  may be  
c o n s i d e r e d  t o  be e q u a l  so t h a t  e q u a t i o n  (15)  becomes
d = (]) r Z  s i . 2 . (16)
14Wert  and Zener  have  d e r i v e d  t h e o r e t i c a l l y , u s i n g  s t a t i s t i c a l  
m e c h a n ic s ,  t h e  e x p r e s s i o n
T = V exp -  (17)
w h e re  V i s  t h e  v i b r a t i o n  f r e q u e n c y  o f  t h e  i m p u r i t y  a tom i n  an 
e q u i l i b r i u m  p o s i t i o n  and i s  o f  t h e  o r d e r  o f  t h e  Debye f r e q u e n c y .  G, 
t h e  t o t a l  i s o t h e r m a l  work r e q u i r e d  f o r  a jump o f  a s o l u t e  a tom from 
one  l a t t i c e  s i t e  to  a n e i g h b o u r i n g  v a c a n c y ,  i s  g i v e n  by
G = Gc + G (18)f  m
w here  G^ and G^ a r e  r e s p e c t i v e l y  t h e  i s o t h e r m a l  work r e q u i r e d  t o  form 
a v a c a n c y  i n  a p a r t i c u l a r  l a t t i c e  s i t e  and t h e  i s o t h e r m a l  work n e c e s s a r y  
t o  move t h e  s o l u t e  a tom from a p o s i t i o n  o f  e q u i l i b r i u m  t o  t h e  s a d d l e  
p o i n t  p o s i t i o n .  E q u a t i o n  (18) can  be r e w r i t t e n  i n  t e rm s  o f  e n t h a l p y  
and e n t r o p y  as
1 1 .
G = H_ - TS + H - TS f f m m (19)
where H. and H are the enthalpy of formation and the enthalpy of f m
movement of the vacancy and S_ and S are the entropy of formation andt m
the entropy of movement of the vacancy. Substituting equation (19) 
into equation (17) gives
r s +sf mV exp — -—  exp R
(H +H ) f m
RT (20)
Combining equation (20)with equation (16) yields





where a is the lattice parameter and is defined by the equation
= ya2 . (22)6 i l
The coefficient 7 is determined by the geometry of the atomic jumps 
and for an f.c.c. lattice equals unity.
The first term of equation (21)
„ S +S2 f m7a V exp
is the expression for while the activation energy is the sum
of H,_ and H as found in the second term. Le Claire^ points out that f m
in most normal self-diffusion measurements in metals, lies in the
2range 0.05 to 5.0 cm /sec. To obtain this range of values, S_ and St m
16must be positive. Huntington, Shirn and Wajda have made a direct
theoretical calculation of Sp and S for self-diffusion in a metal andf m
have shown that it is approximately R.
12.
No account has been taken in this derivation of the correlation 
effect. In self-diffusion each succeeding jump of the vacancy is 
uncorrelated with the previous jump. When a vacancy jumps from one 
site to another, all the surrounding neighbouring atoms look the same 
to the vacancy. The next jump of the vacancy will be in any direction 
that the vacancy wishes to go. For impurity diffusion, the succeeding 
jumps of the vacancy after the first impurity-vacancy exchange are 
correlated. After the first impurity-vacancy exchange, the vacancy sees 
one atom which is different from the other neighbouring atoms. The 
vacancy will tend to re-exchange with this impurity on its next jump.
A correlation factor f must be incorporated into the equation for 
the diffusion coefficient to take account of these correlated jumps.
Le Claire and Lidiard^ give a very good approximation to f for impurity 
diffusion with the expression
f 2 = ^W1 + 2 W3 ^ W1 + W2 + 2 (23)
where w^ is the vacancy-impurity atom exchange frequency, and w^ and 
w^ are the exchange frequencies of the vacancy with the solvent atoms 
which are respectively the nearest and non-nearest neighbours of the 
solute atom. These exchange frequencies are related to the annealing 







exp - H^/RT 
V2exp - H2/RT
V3exp - H3/RT (24)
13 .
w h e re  and a r e  t h e  a c t i v a t i o n  e n e r g i e s  f o r  t h e  r e s p e c t i v e
jumps and V^, V and a r e  t h e  v i b r a t i o n  f r e q u e n c i e s  o f  t h e  r e s p e c t i v e  
jumps.
The e q u a t i o n  f o r  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  t h e n  i s
2 SfO+SmO (HfO+HmO)
D0 = 3 f 0V Xp -----5----  e x p ---------RT------- (25)
w here  f ^ ,  t h e  s e l f - d i f f u s i o n  c o r r e l a t i o n  f a c t o r ,  i s  i n d e p e n d e n t  o f  
t e m p e r a t u r e .  From e q u a t i o n  (23)  t h e  v a l u e  o f  f ^  i s  9/11 s i n c e  i n  s e l f ­
d i f f u s i o n  w^  = w^ = w^ . The s e l f - d i f f u s i o n  a c t i v a t i o n  e ne rgy  i s
%  = Hf 0 + Hm0 (26)
A s i m i l a r  e x p r e s s i o n  f o r  i m p u r i t y  d i f f u s i o n  i s
2 Sf2+Sm2D2 = a  f 2V2 exp ------- ----- exp (Hf2+V (27)
w here  f^ i s  t h e  c o r r e l a t i o n  f a c t o r  f o r  i m p u r i t y  d i f f u s i o n .  The 
a c t i v a t i o n  e n e rg y  f o r  i m p u r i t y  d i f f u s i o n  i s  a f f e c t e d  by t h e  c o r r e l a t i o n  
f a c t o r  s i n c e  t h e  l a t t e r  i s  d e p e n d e n t  on t h e  t e m p e r a t u r e .  The s l o p e  o f
t h e  c u r v e  I n  a g a i n s t  1/T i s  t h e  a c t i v a t i o n  e n e rg y  and i s  g i v e n  by
ö l n  D d I n  f
Q2 = “ R d ( l / T )  = Hf2 + Hm2 " R d ( 1 /T ) (28)
The d i f f e r e n c e  i n  a c t i v a t i o n  e n e r g i e s  AQ = -  Qq i s  g i v e n  by
d I n  f„
AH2 + AE -  R ( 2 9 )
w here  AH "  Hm0 aDd AE Hf2 * Hf0
E q u a t i o n  (29)  can  be
r e w r i t t e n  as
14 .
AQ = AH2 + AE - C (30)
where C is called the correlation correction factor. Since AE is the 
difference in energy of formation of vacancies in the solvent, the 
vacancies will be repelled from the impurities when AE is positive, 
and attracted to the impurities when AE is negative. The binding 
energy of the vacancy and impurity is thus -AE.
2Le Claire shows that the correlation correction factor may 
have a considerable effect upon the value of AQ. The expression given 
for C is
C = (A2/A0)fQexp —  .
(AH2-AH1) exp- [ (AH, ^ H 2 ) / RT ] + 7 ^ exp- [ (AHg-tAH, )/RT]
( - (AH, / RT) 7 - (AH3/ RT)\2 V 2 J (31)
where AH = H - H and AH = H - H .1 1 mO 3 3 mO
To calculate AQ, the terms AH2, AE and C are determined and 
substituted into equation (30). Lazarus^ assumes that a metal containing 
a solute differs from a pure metal only by the electrostatic interaction 
between the vacancy and the screened effective charge difference between 
the solute and solvent ion cores. This interaction is calculated using 
the Thomas-Fermi approximation. The free electron model of a pure 
metal assumes that all the positive ion cores are smeared out to give 
a uniform positive charge density equal to the negative charge density. 
When an impurity atom is added, the positive charge density is increased
15.
by a factor Ze, where Z is the number of electrons in the solute atom
in excess of those in the solvent atom. The excess charge Ze is
assumed to be concentrated at a point in the center of the impurity
atom. When Z is positive, the point charge attracts electrons and when
Z is negative, the point charge attracts holes. This attraction or
repulsion of electrons has the effect of screening out the point charge
at large distances. The electrostatic potential due to the point
charge is the solution of the Thomas-Fermi equation. The first term
18 19 20of the series solution to the Thomas-Fermi equation ’ ’ is
V(r) = -kx —  exp(-qr) r (32)
where a is a constant dependent on Z, r is the distance from the point 
charge and q is the screening parameter given by
2 = 4me2 ^3lV 31 ' u (33)
where m, e and n^ are respectively, the mass, charge and number per 
unit volume of electrons.
To calculate AE, a vacancy is regarded as being an impurity 
of zero ionic charge. When a vacancy and an impurity are nearest 
neighbours, there is an interaction between them whose energy is given
by
AE = - --- a exp(-qa)a (34)
where a is the nearest neighbour distance.
To calculate AH^, AH^ and AH^, the positions of the vacancy
16 .
a t  t h e  s a d d l e  p o i n t  o f  t h e  jump a r e  c o n s i d e r e d .  I n  d e t e r m i n i n g  AH^,
t h e  v a c a n c y  a t  t h e  s a d d l e  p o i n t  i s  r e g a r d e d  a s  two p o i n t  c h a r g e s ,  each
o f  c h a r g e  - ^ e ,  s i t u a t e d  a t  t h e  c e n t r o i d  o f  t h e  h e m i s p h e re  on each s i d e
21o f  t h e  i m p u r i t y .  H u n t i n g to n  h a s  c a l c u l a t e d  t h e  r e d i s t r i b u t i o n  o f  
c h a r g e  o f  t h e  v a c a n c y  a b o u t  t h e  i m p u r i t y .  The r e s u l t  o b t a i n e d  fo r  
AH2 i s
AH2 = - [ 2 Z ^ e ^ / ( 1 1 / 1 6 ) a ] a  exp ~ [ q ( 1 1 / 1 6 ) a ]  + ( Z e ^ / a ) a  exp - ( q a )  . (35)
I n  t h e  c a s e  o f  AH^, t h e  v a c an c y  exchanges  w i t h  a n e a r e s t  
n e i g h b o u r  s o l v e n t  atom. At t h e  s a d d l e  p o i n t  o f  t h e  jump, t h e  s o l v e n t  
a tom i s  be tw een  two s i t e s  each  o f  which i s  a n e a r e s t  n e ig h b o u r  t o  t h e  
i m p u r i t y .  The d i s t a n c e  from t h e  \ e  p o i n t  c h a r g e  p o s i t i o n s  o f  t h e  h a l f ­
v a c a n c i e s  to  t h e  c e n t e r  o f  t h e  i m p u r i t y  i s  1 .1 0 6 a .  The e x p r e s s i o n  f o r  
A H1 i s
AH^ = - ( Z e ^ / 1 . 1 0 6 a ) a  exp « ( 1 .1 0 6 q a )  -  AE . (36)
An e x p r e s s i o n  may be o b t a i n e d  f o r  AH^ by a s i m i l a r  method 
o f  c o n s i d e r i n g  t h e  p o s i t i o n s  o f  t h e  h a l f - v a c a n c i e s  w i t h  r e s p e c t  to  
t h e  i m p u r i t y  d u r i n g  a v a c a n c y  n o n - n e a r e s t  n e ig h b o u r  s o l v e n t  a tom 
exchange .
2
Le C l a i r e  h a s  c a l c u l a t e d  t h e  v a l u e s  o f  AH^, AH^, AH^ and AE, 
l i s t e d  i n  T a b l e  1, f o r  i m p u r i t i e s  d i f f u s i n g  i n  c o p p e r .  I t  i s  s e en  t h a t  
b o t h  AH2 and AE become more n e g a t i v e  f o r  t h e  p o s i t i v e  Z i m p u r i t i e s ,  
wh ich  i n d i c a t e s  t h a t  a s  Z i n c r e a s e s  i t  i s  e a s i e r  f o r  a va c anc y  to  form 
n e x t  t o  t h e  i m p u r i t y  and to  exc hange  p o s i t i o n s  w i t h  t h e  i m p u r i t y .  Thus
17 .
t h e  d i f f u s i o n  r a t e  i n c r e a s e s  as  Z becomes more p o s i t i v e .  T a b l e  2
shows t h e  v a l u e s  o f  C and AQ . f o r  Zn, Ga and As, a s  d e t e r m i n e d  byt h
Le C l a i r e  u s i n g  t h e  e x p e r i m e n t a l  v a l u e s  o f  and A^, f^  = 9/11 and 
RT e q u a l  t o  2 K c a l /m o le  which  c o r r e s p o n d s  t o  a t e m p e r a t u r e  o f  807°C.
The e f f e c t  o f  C upon t h e  com par i son  o f  A Q ^  and ^ eXp t  a ^ so se en  
i n  T a b l e  2 .  The column AH^ + AE, i n  e f f e c t ,  i s  A Q ^  i f  t h e  c o r r e l a t i o n  
c o r r e c t i o n  f a c t o r  i s  n e g l e c t e d .  The r e s u l t s  o f  t h e  p r e s e n t  work 
i n c l u d i n g  v a l u e s  f o r  C and A Q ^  a r e  a l s o  shown i n  T a b l e  2.
18 .
Table 1
(All energies in units - Kcal/mole)
z -3 -2 -1 +1 +2 +3 +4
a 2.34 1.85 1.40 0.77 0.67 0.60 0.55
Cu AH — — -0.80 +0.44 +0.77 +1.03 +1 .26
-1 AH2 q = 1.81 A Z
+46.56 +24.54 +9.28 -5.11 -8.89 -11.94 -14.59
AH3
— — -0.45 +0.18 +0.28 +0.34 +0.37
AE — +4.76 +1.80 -0.99 -1.72 -2.32 -2.83
Table 2
(All energies in units - Kcal/mole)
Impurities in Cu II o 62 % = 49.56 ref25
Z A2 C(RT=2) a h 2-iae AQth AQ expt
Zn +1 0.34 -2.35 -6.10 -3.75 -3.96 4
Ga +2 0.55 -6.36 -10.61 -4.25 -3.66 5
Ge +3 0.24 -8.00 -14.26 -6.26 -5.86 present
work





The copper single crystals used in this experiment were in 
the form of discs, ^ inch in diameter and 5 millimeters thick. The 
manufacturers, Monocrystals Company of Cleveland, Ohio, U.S.A., 
specified a purity of 99.999$. The copper samples were spark planed 
flat and smooth on one surface using a Servomet spark planing machine. 
Immediately before plating the samples were cleaned by lightly etching 
with dilute nitric acid and then washed in acetone and distilled water.
The radioactive tracer was one millicurie of carrier free 
germanium-68 obtained through the Australian Atomic Energy Commission 
at Lucas Heights, N.S.W., from Nuclear Science and Engineering Company 
of Pittsburg, Pennsylvania, U.S.A. The radiochemical purity of the 
tracer was 99$. The isotope was received in the form of GeF^ , dissolved 
in five millilitres of 0.5 N HC1 and 0.2 N HF.
This isotope was chosen for its relatively long half-life
22of 280 days. It decays to gallium-68 by electron capture. The 
gallium-68 decays to zinc-68 with a half-life of 68 minutes. This decay 
proceeds 87$ of the time by positron emission and 13$ of the time by 
electron capture. The positron emission produces annihilation gammas 
of energy 0.51 Mev. Low energy x-rays characteristic of gallium and 
zinc are also produced by the electron capture process.
20.
3.2 Platins Process
23 24Several authors ’ have reported only very limited success
in the deposition of pure germanium metal by electrolysis. Fink and 
24Dokras, however, found that good deposits of the alloy, Cu^Ge, could 
be obtained from an alkaline plating solution containing both germanium 
and copper. This plating process was therefore used in the present 
work, since the plating of the alloy containing copper should not 
affect the validity of diffusion experiments in a copper lattice.
The plating solution was made up of three milligrams of 
cuprous cyanide and three grams of potassium hydroxide dissolved in 
thirty millilitres of distilled water. A second solution was made with 
seven milligrams of stable germanium dioxide and one gram of potassium 
hydroxide dissolved in thirty millilitres of distilled water. The two 
solutions were then mixed to provide a 1.2 N KOH plating bath of total 
volume sixty millilitres. The method of dissolving the cuprous cyanide 
and the germanium dioxide separately was adopted since the cuprous 
cyanide would not always dissolve properly in the 1.2 N solution, while 
this normality appeared to be near optimum for the plating process. 
Preliminary trials showed that the bath consistently produced bright, 
adherent deposits of the copper germanium alloy, and that the addition 
of 5 millilitres of 0.5 N HC1 and 0.2 N HF (to simulate the tracer 
solution) did not affect its plating characteristics. However, when 
the final plating bath was prepared containing the actual Ge-68 tracer,
2 1 .
t h e  d e p o s i t s  o b t a i n e d  w ere  u s u a l l y  a d u l l  g r e y  c o lo u r ,  p o s s i b l y  due 
t o  a d d i t i o n a l  i m p u r i t i e s  i n  t h e  t r a c e r  s o l u t i o n .  M easurem ents showed, 
n e v e r t h e l e s s ,  t h a t  t h e  r a d i o a c t i v e  Ge»68 was p l a t i n g  o u t  o f  t h e  
s o l u t i o n  w i t h  r e a s o n a b l e  e f f i c i e n c y .
The e l e c t r o p l a t i n g  a p p a r a tu s  i s  shown i n  f i g u r e  2 . The anode 
c o n s i s t e d  o f  a p l a t in u m  w i r e ,  t h e  c a th o d e  b e in g  t h e  co p p e r  sample to  
be  p l a t e d .  B e s t  r e s u l t s  w ere  o b t a i n e d  w i th  t h e  c a th o d e  r o t a t i n g  a t  
s e v e r a l  h u n d red  rpm. The p l a t i n g  was done w i t h  a c o n s t a n t  c u r r e n t  o f  
f i f t y  m i l l i a m p e r e s  f o r  p e r i o d s  r a n g in g  from  t h r e e  to  tw e n ty  m in u te s  
d e p e n d in g  upon t h e  amount o f  t r a c e r  and c o p p e r  r e m a in in g  i n  t h e  s o l u t i o n .  
The t h i c k n e s s  o f  t h e  a l l o y  d e p o s i t s  on th e  s u r f a c e  o f  t h e  sam ples  was 
assum ed t o  be p r o p o r t i o n a l  t o  t h e  a c t i v i t y  o f  t h e  t r a c e r  m a t e r i a l .  A 
s t a n d a r d  sam ple was g iv e n  a s u f f i c i e n t l y  l a r g e  d e p o s i t  so t h a t  t h e  a l l o y  
t h i c k n e s s  c o u ld  be found by w e ig h t  m easu rem en ts  b e f o r e  and a f t e r  p l a t i n g .  
The a l l o y  t h i c k n e s s  on t h e  sam ples  was t h e n  found by com paring  t h e i r  
a c t i v i t i e s  w i th  t h e  a c t i v i t y  on t h e  s t a n d a r d  sam p le .  The t h i c k n e s s  o f  
t h e  a l l o y  d e p o s i t s  was found  t o  r a n g e  from  200 to  500 a n g s tro m s .
3 .3  P o s i t r o n  C o u n tin g
The r a d i a t i o n s  e m i t t e d  f o l lo w in g  th e  decay  o f  Ge-68 a r e  o f  
t h r e e  main t y p e s :  x - r a y s  o f  ene rgy  a b o u t  9 k e v ,  a n n i h i l a t i o n  gammas
o f  en e rg y  0.51 Mev and t h e  p o s i t r o n  s p e c tru m  w i th  maximum energy  
1 .8 9  Mev. Of t h e s e ,  t h e  p o s i t r o n  r a d i a t i o n  i s  t h e  o n ly  one s u i t a b l e  
f o r  u s e  w i th  t h e  s u r f a c e  d e c r e a s e  m ethod. The v e ry  low a b s o r p t i o n
22 .
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23.
coefficient of the annihilation gammas and the difficulties involved 
in detection of the low energy x-rays precluded the use of either of 
these radiations.
Since positrons are not normally exponentially absorbed,a
special counting setup was designed in which near exponential absorption
was attained. A block diagram of the positron detection system is
shown in figure 3. A thin plastic scintillator, 0.5 millimeter thick,
was used to discriminate against detection of the 0.51 Mev gamma
radiation. The photomultiplier was operated at 1000 volts and the
discriminator of the amplifier was adjusted so that all pulses above
6 volts would register on the scaler. The absorption of the positron
radiation from the diffused tracer material was simulated by placing
copper absorbing foils immediately adjacent to the plated surface of
the sample. It was found that the positron counting rate actually
increased as the foils were added until at a thickness of about 160 
2mgm/cm the counting rate reached a maximum. Additional absorbing
foils then produced an essentially exponential decrease in counting
rate, from which an absorption coefficient could be measured. The
range of exponential absorption was about 0.015 inch, followed by an
upward curvature due to the small but finite ability of the equipment
to detect the 0.51 Mev gamma radiation. The sample holder (figure 3)
was therefore designed to include a window of brass foil of thickness
20.008 inch (180 mgm/cm ) so that the positron measurements were well 
within the range of the exponential absorption. The absorption curves
24 .
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25
were obtained by measuring the positron counting rate, as five copper
foils with the thicknesses shown in Table 3 were placed consecutively
between the plated surface of the copper sample and the brass window
of the holder. The total thickness of the five foils was about 0.015
inch, i.e., approximately equal to the range over which the exponential
absorption was observed. Only negligible error resulted from this
limited range which was about four times the value of^Dt used in the
experiments. All points on the absorption curves contained 10^ counts
4except where the count rate was less than 100 per second when 3 X 1 0  
counts were taken. Suitable precautions were observed to maintain 
identical counting geometry at all times. Counting rates were corrected 
for decay of the tracer and variations in the electronic equipment by 









An absorption curve was determined for each sample, both 
before and after the diffusion anneal. The measurements were made
2 6 .
a t  l e a s t  tw e lv e  h o u r s  a f t e r  t h e  p l a t i n g  p r o c e s s  and t h e  a n n e a l  to  
a l lo w  t h e  g a l l iu m - 6 8  and t h e  germ anium -68 to  come to  e q u i l i b r i u m .  
F i g u r e  4 shows t h e  a b s o r p t i o n  c u rv e s  o b t a i n e d  f o r  one o f  th e  s a m p le s .  
I t  i s  s e e n  t h a t  t h e  c u rv e  b e f o r e  a n n e a l  i s  s t r a i g h t  th ro u g h o u t  t h e  
f i v e  f o i l s ,  w h e re a s  t h e  c u rv e  a f t e r  a n n e a l  i s  s t r a i g h t  th ro u g h  o n ly  
t h e  f i r s t  t h r e e  f o i l s ,  due t o  t h e  p e n e t r a t i o n  o f  t h e  t r a c e r  i n t o  th e  
c o p p e r  sam p le .
The s lo p e  o f  t h e  u p p e r  c u rv e  i n  f i g u r e  4 g iv e s  t h e  mass 
a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  c o p p e r  f o i l s .  T h is  v a lu e  m ust be 
m u l t i p l i e d  by t h e  d e n s i t y  o f  t h e  co p p e r  d i f f u s i o n  sam ples  to  g iv e  
t h e  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  r e q u i r e d  f o r  t h e  s u r f a c e  d e c r e a s e  
m ethod . The d e n s i t i e s  w ere  d e te rm in e d  by m e a su r in g  th e  sample 
d im e n s io n s  w i t h  a  t r a v e l l i n g  m ic ro sc o p e  and t h e  sam ple w e ig h ts  on a 
M e t t l e r  m ic r o b a l a n c e .
3 . 4  Gamma C o u n t in g
A s m a l l  f r a c t i o n  o f  t h e  p l a t e d  t r a c e r  m a t e r i a l  i s  i s u a l l y  
l o s t  by e v a p o r a t i o n  d u r in g  th e  d i f f u s i o n  a n n e a l s ,  and t h i s  f r a c t i o n  
does  n o t  p a r t i c i p a t e  i n  t h e  d i f f u s i o n  p r o c e s s .  I f  no a l lo w a n c e  w ere  
made f o r  t h i s  l o s s ,  t h e  v a l u e  o f  B u se d  i n  e q u a t i o n  (14) would be to o  
s m a l l .  The f r a c t i o n  l o s t  d u r in g  each a n n e a l  was d e te rm in e d  by m ea su r ­
in g  t h e  i n t e n s i t y  o f  t h e  0.51 Mev gamma r a d i a t i o n  from each  sam ple  
b e f o r e  and a f t e r  t h e  a n n e a l .  S in c e  t h e  gamma r a d i a t i o n  h a s  a v e ry  
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F ig u re  4. A b s o r p t i o n  C u r v e s
29 .
t h e  same d im e n s io n s  as  t h e  sam p le .  The s i l i c a  p l a t e  and t h e  two copper  
d i s c s  w ere  bound t o g e t h e r  w i th  t h i n  co p p e r  w i r e  so t h a t  o n ly  minimum 
e r r o r  was i n v o lv e d  i n  m e a s u r in g  t h e  t e m p e r a tu r e  o f  t h e  d i f f u s i o n  sa m p le s .  
The sam ple a s se m b ly  was s e a l e d  i n s i d e  a q u a r t z  t u b e  w i th  t h e  therm o­
c o u p le  l e a d s  e x te n d in g  th ro u g h  t h e  b r a s s  p lu g  o f  t h e  tu b e  a s  shown in
-5f i g u r e  5b. The q u a r t z  tu b e  was e v a c u a te d  to  a b o u t  5 X 1 0  t o r r  u s in g  
an  Edwards r o t a r y - d i f f u s i o n  pump u n i t  and i n d u s t r i a l  g ra d e  a rg o n  gas 
was a d m i t t e d  t o  t h e  tu b e  to  r a i s e  t h e  p r e s s u r e  t o  abou t  o n e - h a l f  an 
a tm o s p h e re .  I n s i d e  t h e  f u r n a c e  a b o u t  f i v e  i n c h e s  o f  t h e  sam ple end 
o f  t h e  q u a r t z  t u b e  was p l a c e d  i n s i d e  a r e f r a c t o r y  s t e e l  c y l i n d e r  so t h a t  
t h e  t e m p e r a t u r e  g r a d i e n t s  a ro u n d  t h e  sam ple w ere  r e d u c e d .  The tem per­
a t u r e  o f  t h e  e l e c t r i c a l  r e s i s t a n c e  f u r n a c e  ( s e e  f i g u r e  5a) was c o n t r o l l e d  
w i th  a P h i l l i p s  s t r i p  c h a r t  r e c o r d e r .  A Speedomax s t r i p  c h a r t  r e c o r d e r  
m o n i to re d  t h e  t e m p e r a t u r e  o f  t h e  sample from t h e  th e rm o c o u p le  t i e d  
t o  t h e  sa m p le ,  w h i l e  more a c c u r a t e  m easu rem en ts  w ere  made p e r i o d i c a l l y  
on a Leeds and N o r th ru p  m i l l i v o l t  p o t e n t i o m e t e r  ty p e  8686.
F o u r t e e n  d i f f u s i o n  a n n e a l s  w ere  made i n  t h e  t e m p e r a t u r e  r a n g e  
652°C to  1014°C. The t e m p e r a t u r e  was c o n t r o l l e d  to  ±2°C o f  th e  mean 
t e m p e r a t u r e  d u r in g  t h e  d i f f u s i o n  a n n e a l .
The d i f f u s i o n  t im e  r e q u i r e d  f o r  each  t e m p e r a t u r e  was e s t i m a t e d  
by assum ing  t h a t  t h e  v a l u e s  o f  and f o r  t h e  Cu-Ge sys tem  would 
be a b o u t  e q u a l  to  t h e  a v e ra g e  o f  t h e  c o r r e s p o n d in g  p u b l i s h e d  v a lu e s  
f o r  t h e  Cu-Ga and th e  Cu-As s y s te m s .  The aim i n  each d i f f u s i o n  a n n e a l  










































































compromise be tw een  o b t a i n i n g  s u f f i c i e n t  a c c u r a c y  from th e  s u r f a c e  
d e c r e a s e  method and e x c e s s i v e l y  lo n g  d i f f u s i o n  t im e s .
3 .6  S e c t i o n in g  Method
A Sw iss made p r e c i s i o n  S c h a u b l in  l a t h e  was a c q u i r e d  n e a r  t h e  
c o m p le t io n  o f  t h e  work. The l a t h e  was u se d  to  s e c t i o n  s e v e r a l  sam ples  
to  check  t h e  v a l i d i t y  o f  t h e  s u r f a c e  d e c r e a s e  m ethod.
The d i f f u s e d  sam ples  w ere  waxed to  a b r a s s  h o l d e r  which was 
h e ld  i n  t h e  l a t h e  chuck . The sam ple  was a l i g n e d  w i th  i t s  f r o n t  p l a t e d  
f a c e  p a r a l l e l  to  t h e  m o tio n  o f  t h e  c u t t i n g  t o o l  u s in g  a d i a l  gauge 
w hich  was g r a d u a te d  t o  0 .0001 in c h .  A p e r s p e x  c h ip  c a t c h e r  was 
c o n s t r u c t e d  to  f i t  o v e r  t h e  sam ple h o l d e r  w i th  t h e  o p p o s i t e  end open 
to  a l lo w  t h e  c u t t i n g  t o o l  and t h e  d i a l  gauge to  e n t e r .  S e v e ra l  t r i a l  
c u t s  w ere  made to  d e te r m in e  th e  p r o p e r  p o s i t i o n i n g  and shape  o f  th e  
c u t t i n g  t o o l  and a l s o  t o  v e r i f y  t h e  e f f e c t i v e n e s s  o f  t h e  c h ip  c a t c h e r .  
The c h ip s  w ere  t r a n s f e r r e d  from  t h e  c h ip  c a t c h e r  to  sm a l l  p re -w e ig h e d  
g l a s s  b o t t l e s  o f  u n i fo rm  s i z e  w hich  w ere  t h e n  r e w e ig h e d .  The t h i c k n e s s  
o f  t h e  c u t  was d e te rm in e d  from t h e  c r o s s - s e c t i o n  o f  t h e  c u t  f a c e ,  t h e  
w e ig h t  o f  t h e  c h ip s  and t h e  d e n s i t y  o f  t h e  co p p e r  s a m p le s .  The 
t h i c k n e s s  d e te rm in e d  by w e ig h t  and t h e  t h i c k n e s s  d e te rm in e d  by th e  
d i a l  gauge w ere  a lw ays  w i t h i n  t h e  e x p e r im e n ta l  e r r o r  o f  t h e  two 
m ethods .
The sam ples  w ere  r e d u c e d  i n  d ia m e te r  by a b o u t  0 .0 3 5  to  0 .0 4 0  
in c h  t o  e l i m i n a t e  any edge e f f e c t s .  Each o f  t h e  f i f t e e n  c u t s  o f f  t h e  
f a c e  o f  t h e  sam ple was a p p ro x im a te ly  0 .001 in c h  t h i c k .
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The c h i p s  were  d i s s o l v e d  i n  f i v e  m i l l i l i t r e s  o f  d i l u t e  n i t r i c  
a c i d  t o  m a i n t a i n  a u n i f o r m  c o u n t i n g  geomet ry  i n  t h e  w e l l  t y p e  Nal (T l )  
s c i n t i l l a t i o n  c r y s t a l .  The s c a l i n g  was done u s i n g  an RIDL u n i t  which 
c o n t a i n e d  t h e  h i g h  v o l t a g e  s u p p ly ,  t h e  a m p l i f i e r  and t h e  s c a l e r .  
T y p i c a l l y ,  10^ c o u n t s  w ere  t a k e n  o f  t h e  0.51 Mev gammas f o r  each  





The absorption curve for each of the fourteen samples before
annealing was analysed by a least squares method to give the mass
absorption coefficient of the copper absorbing foils. The fourteen
values were averaged to give an average mass absorption coefficient
2of 7.699 ± 0.271 cm /gm. The average density of the copper samples
3
was 8.979 ± 0.045 gm/cm , giving an average linear absorption coefficient 
of 69.128 ± 2.091 cm \ The errors in each case are the standard 
deviations.
4.2 Diffusion Coefficients from the Surface Decrease Method
The value of B/B^ (equation 14) was found by calculating 
the ratio of the positron counting rate of each sample before and 
after annealing. The counting rates were, in fact, those used to plot 
the absorption curves of each anneal. The ratio was calculated with, 
respectively, 0, 1, 2 and 3 copper absorbing foils in the sample 
holder to obtain an average value of B/B^ for each run. This 
procedure was used since the sample holder already included a certain 
amount of absorbing material (0.008 inch brass) and there appeared 
little justification in not using all the points on the post anneal 
absorption curves which fell within the range of the exponential
3 4 .
a b s o r p t i o n  ( f i g u r e  4 ) .  I n  a d d i t i o n ,  t h e  f o u r  v a lu e s  o f  B/B^ f o r  each  
r u n  w ere  a lw ays e q u a l  w i t h i n  t h e  r a n g e  o f  e x p e r im e n ta l  e r r o r s  on t h e  
i n d i v i d u a l  c o u n t in g  r a t e s .  A l l  o f  t h e  p r e v i o u s l y  e x p la in e d  c o r r e c t i o n s  
w ere  made on each  c o u n t in g  r a t e .
2
The a p p ro x im a te  v a l u e  o f  p Dt was r e a d  o f f  f i g u r e  1 and a 
more e x a c t  v a lu e  o b t a i n e d  by s o l u t i o n  o f  e q u a t i o n  ( 1 4 ) .  The known 
v a l u e s  o f  p and t  w ere  t h e n  u se d  to  c a l c u l a t e  D f o r  each  r u n .  T a b le  4 
shows t h e  r e s u l t s  o b t a i n e d  f o r  each  o f  t h e  f o u r t e e n  s a m p le s .
4 .3  D i f f u s i o n  C o e f f i c i e n t s  from  t h e  S e c t i o n in g  Method
T h ree  sam ples  w ere  s e c t i o n e d  and t h e i r  d i f f u s i o n  c o e f f i c i e n t s  
d e te r m in e d .  The s p e c i f i c  a c t i v i t y  o f  each  s e c t i o n  was p l o t t e d  on a 
lo g  s c a l e  a g a i n s t  t h e  p e n e t r a t i o n  d i s t a n c e  sq u a re d  t o  o b t a i n  t h e  
p e n e t r a t i o n  p r o f i l e s  shown i n  f i g u r e  6 . A cco rd in g  t o  e q u a t i o n  ( 9 ) ,
t h e  c u rv e s  s h o u ld  be s t r a i g h t  l i n e s  w i t h  s lo p e s  e q u a l  t o  - 1 /4 D t .
I t  i s  s e en  t h a t  t h e  lo w e s t  t e m p e r a tu r e  p r o f i l e  h a s  an 
upward c u r v a t u r e  a t  t h e  low er  end . T h is  i s  a t t r i b u t e d  to  edge
c o n ta m in a t io n  s i n c e  t h e  d ia m e te r  o f  t h a t  sam ple was o n ly  r e d u c e d  by
a b o u t  0 .0 1 0  in c h ,  i n s t e a d  o f  0 .0 4 0  in c h  as  on th e  o t h e r  two sa m p le s .
The low t e m p e r a t u r e  p r o f i l e  was drawn by i g n o r i n g  t h e  c u r v a t u r e  and 
s i g h t i n g  t h e  b e s t  l i n e ,  w h i l e  t h e  r e m a in in g  two w ere  drawn a f t e r  
a n a ly s i n g  t h e  s e c t i o n i n g  d a t a  by t h e  l e a s t  s q u a re s  m ethod . The 
d i f f u s i o n  c o e f f i c i e n t s  o b t a i n e d  from  t h i s  a n a l y s i s  a r e  a l s o  shown i n
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T a b l e  4
DIFFUSION OF GERMANIUM-68 IN COPPER
Te m pera tu re Time ^ a b s o r p ^ s e c t i o n
( ° C ) ( s e c ) ( cm ^ /s e c ) ( cm ^ /s e c )
1014 .4 1 .353  X i o 4 9 .048  X i o " 9
979 .7 1.547 5 .205
961 .8 2 .4 3 5 4 .7 83
932.1 3 .3 4 3 2 .7 3 4 2 .8 6 4  X 10" 9
905.1 4 .4 3 5 2.181
881 .3 6 .963 1.049
853 .5 1 .076  X 10 5 9 .165  X i o - 10
829 .9 1.727 5 .075
80 3 .4 2 .707 2.901 3 .233  X 10" 10
779.7 4 .4 3 0 2 .6 9 0  X i o - 11
775.7 7 .7 1 0 1.186 X i o - 10
728 .4 1.302  X i o 6 6.991 X K f 11
701.7 2 .3 2 6 3.941 3 .6 4 9  X 10"
'11
652 .6 6 .5 8 4 6 .293  X i o ' 12
36 .
a 701-7 C 
o 8 0 3  4°C  
x 932- I °C
a i u  sq.cm.
Figure 6. P ene tra t io n  Prof i les  for  the
Diffusion of Ge in Cu.
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Table 4 for comparison with the values obtained from the surface 
decrease method.
4.4 Determination of and Q
The diffusion coefficients obtained from the surface decrease 
method were plotted on a log scale against the inverse absolute tempera­
ture to obtain the Arrhenius plot shown in figure 7. The Arrhenius 
relation (equation 1) allows the determination of both the frequency 
factor A^ and the Activation energy from this plot.
The two samples diffused at the temperatures 779.7 and 
652.6 gave anomalous results for D^. No adequate explanation can be 
given for these results but it may be significant that in both cases 
there was an abnormally large loss of tracer material during the 
diffusion anneal. A least squares analysis was made on the remaining 




43 700 ± 779 2,---  cm / sec (37)
where the errors given are the standard errors arising out of the 
least squares treatment.
25Figure 7 also shows Mercer's result for the self-diffusion
of copper.
3 8 .
Figure .7. temperature dependence of Ge 





5.1 Discussion of Errors
The surface decrease method was chosen over the sectioning
method for measuring the diffusion coefficients because a precision
lathe was not available when the work was begun. The principle
difficulty with the absorption technique is the determination of
2 6the absorption coefficient of the copper. Zhukhovitsky and Smith,
27Jaumot and Arn6 compare the methods of determining diffusion coefficients 
using radioactive tracers and give some of the errors associated with 
each method.
method, equation (14), D was assumed to be independent of penetration 
distance. This assumption is good since only a thin layer of radio­
active tracer is plated on the surface of the sample thus reducing 
the concentration gradient through the solvent. However, the diffusion 
coefficient also varies with the annealing temperature. As the sample 
warms up, the diffusion coefficient takes a series of values until the
final annealing temperature is reached. A correction for these inter-
2 8mediate values of D has been made by Lai using the equation





w here  t^ i s  t h e  t im e  when t h e  a n n e a l in g  t e m p e r a t u r e  i s  r e a c h e d ,  t
i s  t h e  t im e  a t  th e  end o f  t h e  a n n e a l ,  i s  t h e  a n n e a l in g  t e m p e r a t u r e ,
Q i s  an  e s t i m a t e d  a c t i v a t i o n  en e rg y  and t  i s  t h e  c o r r e c t e d  t im ec o r r
o f  a n n e a l in g  to  g iv e  t h e  t r u e  d i f f u s i o n  c o e f f i c i e n t .  By p l o t t i n g  
e x p ( - Q /R T ( t ) ) / exp(-Q /RT^) a g a i n s t  t im e ,  an e q u i v a l e n t  t im e  a t  t h e  
a n n e a l in g  t e m p e r a tu r e  can  be found  w hich  c o r r e s p o n d s  t o  t h e  warm up 
p e r i o d .  The e r r o r  i n v o lv e d  i n  d e te r m in in g  t h e  t o t a l  a n n e a l in g  t im e  
w i l l ,  i n  g e n e r a l ,  be  s i g n i f i c a n t  o n ly  f o r  th e  s h o r t e r  a n n e a l s .  I n  
t h e  s h o r t e s t  a n n e a l  o f  a b o u t  t h r e e  h o u r s  f o r t y  f i v e  m in u te s ,  t h e r e  
was an a p p ro x im a te  e r r o r  o f  ±5 m in u te s  i n  t h e  c o r r e c t i o n  te rm  w hich  
g i v e s  an e r r o r  i n  t h e  t o t a l  t im e  o f  a b o u t  ±2%. For t h e  n e x t  f i v e  
r u n s  t h e  t o t a l  t im e s  r a n g e d  from  f o u r  h o u r s  e ig h t e e n  m in u te s  t o  n i n e t e e n  
h o u r s  tw e n ty  m in u te s  as  shown i n  T a b le  4 ,  and t h e  e r r o r  i n  t h e  t o t a l  
t im e s  r a n g e d  from  ±1.9% t o  ±0.4%. Below ±0.4% t h e  e r r o r s  w ere  
n e g l e c t e d  i n  t h e  d e t e r m i n a t i o n  o f  D. T h is  same m ethod can  a l s o  be 
u se d  f o r  t h e  c o o l in g  o f f  t im e  c o r r e c t i o n .  However, i n  t h i s  work t h e  
c o o l i n g  o f f  t im e  was n e g l i g i b l e  compared to  t h e  warm up t im e .
The r a t i o  o f  t h e  c o r r e c t e d  p o s i t r o n  c o u n t  r a t e  o f  t h e  sam ples  
a f t e r  a n n e a l  to  t h e  p o s i t r o n  c o u n t  r a t e  o f  t h e  sam ples  b e f o r e  a n n e a l  
i s  B/Bq» Each c o r r e c t e d  v a l u e  o f  B/B^ was d e te rm in e d  from  e i g h t  
s e p a r a t e  c o u n t in g  m easu rem en ts :  p o s i t r o n  c o u n t  r a t e s  on th e  sam ple
and t h e  s t a n d a r d  b o th  b e f o r e  and a f t e r  a n n e a l  and gamma m easurem en ts  
on th e  sam ple  and t h e  s t a n d a r d  b e f o r e  and a f t e r  a n n e a l .  The e r r o r  i n  
B/Bq i s  t h e  s t a t i s t i c a l  e r r o r  in v o lv e d  i n  t h e  number o f  c o u n ts  t a k e n
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i n  each  m easu rem en t.  S in c e  10 c o u n ts  w ere  t a k e n  f o r  a l l  m easu rem en ts
4
e x c e p t  w here  t h e  coun t  r a t e  was l e s s  t h a n  100 p e r  second  when 3 X 1 0
c o u n ts  w ere  t a k e n ,  th e  e r r o r  i n  B/ Bq r a n g e d  from  a b o u t  ± 2 .5 $  to
± 3 .6 $ .  Four v a lu e s  o f  B/ B^ w ere  d e te rm in e d  from  th e  f i r s t  f o u r  p o i n t s
on t h e  a b s o r p t i o n  c u rv e s  f o r  each  o f  t h e  f o u r t e e n  s a m p le s .  The a v e ra g e
2
o f  t h e  f o u r  v a l u e s  f o r  each  sam ple  was t h e n  u sed  to  d e te r m in e  p Dt
from  e q u a t i o n  ( 1 4 ) .  I n  a l l  c a s e s  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  f o u r
v a l u e s  was l e s s  t h a n  ± 2 .5 $ .  The r e s u l t i n g  e r r o r  a s s o c i a t e d  w i th  t h e  
2
v a l u e s  o f  p Dt was a b o u t  ±10$, s i n c e  a sm a l l  e r r o r  i n  B/B^ g iv e s  a 
2
l a r g e r  e r r o r  i n  p Dt as  s e e n  i n  f i g u r e  1. The a b s o r p t i o n  c o e f f i c i e n t
u se d  was t h e  a v e ra g e  o f  t h e  f o u r t e e n  v a l u e s  found  from  t h e  a b s o r p t i o n
c u r v e s .  The s t a n d a r d  d e v i a t i o n  o f  t h e  v a l u e s  o f  p was ±3$ o r  ±6$
2
i n  p . The e r r o r  b a r s  shown on th e  v a l u e s  o f  D p l o t t e d  i n  f i g u r e  7 
a r e  a b o u t  ±16$ and a r e  t h e  r e s u l t  o f  t h e  e r r o r s  i n  c o u n t in g ,  a b s o r p t i o n  
c o e f f i c i e n t  and t im e  o f  a n n e a l ,  a s  d i s c u s s e d  above .
The v a l u e s  o f  D d e te rm in e d  a t  th e  t e m p e r a t u r e s  779 .7  and 
652 .6  w ere  n o t  u se d  i n  f i n d i n g  th e  e q u a t i o n  o f  t h e  A r r h e n iu s  p l o t .  
F i g u r e  7 shows t h e s e  two r e s u l t s  w ere  s u f f i c i e n t l y  anom alous t h a t  i t  
seemed j u s t i f i e d  to  i g n o r e  them i n  t h e  c a l c u l a t i o n  o f  and Q^. No 
p o s i t i v e  e x p l a n a t i o n  can  be g iv e n  f o r  t h e  r e s u l t s  i n  t h e s e  two c a s e s  
b u t  i t  i s  m ost l i k e l y  r e l a t e d  t o  t h e  l a r g e  l o s s  o f  t r a c e r  m a t e r i a l  
w hich  o c c u r r e d  f o r  t h e s e  sa m p le s .  However, i t  sh o u ld  be  n o te d  t h a t  
t h e  sam ple  a n n e a le d  a t  9 0 5 .1°C a l s o  s u f f e r e d  a l a r g e  l o s s  o f  t r a c e r  
b u t  gave  a r e s u l t  w hich  a p p e a re d  n o rm a l .
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The diffusion coefficients obtained from the sectioning 
method included an error of about ±11%. This figure is a standard 
error arising from the least squares analysis of the penetration profiles 
shown in figure 6 and is due to chip collection, weighing and counting.
The straight penetration profiles of figure 6 show a Gaussian 
distribution of the tracer in the sample, which indicates that the 
thin film solution of Fick's law (equation 9) and also the assumption 
of D being independent of penetration distance were applicable. The 
good agreement between the diffusion coefficients obtained from the 
two methods (Table 4) indicates the general validity of the surface 
decrease method.
5.2 Comparison of Results with the Lazarus-Le Claire Theory
The Lazarus theory predicts that germanium (Z = +3) diffuses 
in copper more rapidly than the self-diffusion of copper. Figure 7 
shows that this is indeed the case. Figure 8 shows the experimental 
activation energies for Cu, Zn, Ga, Ge, and As diffusing in copper, 
plotted against the positive excess valence Z. As predicted by the 
Lazarus-Le Claire theory, the activation energies decrease linearly 
as Z increases, the main discrepancy being the value for zinc. Also 
in figure 8 is the curve of + AH^ + AE (from Table 2) plotted against 
positive excess valence. The difference between this latter curve and 
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F igu re© .  V a r i a t i o n  of A c t i v a t i o n  E n e r g y
wi th Pos i t i ve E xc ess  Va lence
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factor of the Le Claire theory. It is seen that this difference 
increases as Z increases and hence makes a significant contribution 
to the activation energies.
Table 5 shows the percent difference between the values
of AQ and AQ  ^given in Table 2. th expt °
Table 5
<jo difference between





It is seen that the results of the present work with germanium are 
in as good agreement with the Le Claire theory as the previous work 
with the other impurities.
5.3 Correlation Factors
2Le Claire uses the expression
t = 1-(A2/A0)f0exp(C/RT)exp-(AH2/RT) [exp-C^/RU+l exp-(AH3/RT) ]_1
(39)
45 .
t o  g iv e  an  e s t i m a t e  o f  t h e  im p u r i t y  c o r r e l a t i o n  f a c t o r  f ^ .  T h is
r e l a t i o n  i s  o b t a i n e d  by e q u a t i n g  t h e  e m p i r i c a l  r a t i o s  o f  D^/D^
o b t a i n e d  from  t h e  A r r h e n iu s  e q u a t i o n s  (1) and (2) t o  t h e  t h e o r e t i c a l
r a t i o  from  e q u a t io n s  (25) and ( 2 7 ) .  T h is  g iv e s  an e x p r e s s io n  f o r  t h e
r a t i o  V2^Vo w^ en combined w i th  e q u a t io n s  (23) and (24) g iv e s
t h e  above v a lu e  o f  f ^ .  The d e r i v a t i o n  a l s o  a ssum es, f o l l o w in g  
29
Manning, t h a t  t h e  r a t i o s  V^/v^ and V^/v^ a r e  b o th  e q u a l  to  u n i t y  
s i n c e  t h e s e  f r e q u e n c i e s  a l l  r e f e r  t o  t h e  same a to m ic  s p e c i e s .
V a lues  o f  C, AH^, AH^, AH^ and t h e  e x p e r im e n ta l  found 
i n  T a b le s  1 and 2 w ere  s u b s t i t u t e d  i n t o  e q u a t i o n  ( 3 9 ) .  The r e s u l t  
f o r  germanium i s  f^ = 0 .3 6 .  T h is  r e s u l t  i s  i n  good a g reem en t  w i th  
t h e  v a lu e s  g iv e n  by Le C l a i r e  f o r  t h e  o t h e r  i m p u r i t i e s ,  e . g . ,  0 .5 5  
f o r  Zn, 0 .27  f o r  Ga and 0 .3 7  f o r  As. S in c e  f ^  = 9/11 f o r  s e l f - d i f f u s i o n ,  
i m p u r i t i e s  w hich  d i f f u s e  f a s t e r  t h a n  t h e  s e l f - d i f f u s i o n  r a t e  s h o u ld  
h a v e  v a l u e s  o f  f^  l e s s  t h a n  9/11 a s  i s  th e  c a s e .
5 .4  C o n c lu s io n
The r e s u l t s  o b t a i n e d  from  t h e s e  e x p e r im e n ts  have  been  shown 
to  be i n  good a g re e m e n t  w i th  t h e  L a z a ru s -L e  C l a i r e  t h e o r y ,  and th u s  
o f f e r  more e v id e n c e  t h a t  i m p u r i t y  d i f f u s i o n  i n  f . c . c .  l a t t i c e  m e ta l s  
p ro c e e d s  by t h e  v a c a n c y  m echanism .
I t  would be  i n t e r e s t i n g  to  c o n t i n u e  t h e  s e c t i o n i n g  t e c h n iq u e  
on t h e  r e m a in in g  sam p les  and e s p e c i a l l y  on th e  two sam ples  f o r  w hich
46
the surface decrease method gave anomalous results. The extension 
of this work to lower temperatures would also be useful, particularly 
to investigate the effects of dislocations in the copper crystals.
47.
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